Oxidative stress is an imbalance between cellular oxidants and antioxidants in favor of oxidants, leading to disruption of redox signaling, and is implicated in several human pathophysiologies[@R1]--[@R4]. Under oxidative stress, excess ROS, namely superoxide, hydrogen peroxide (H~2~O~2~) and hydroxyl radicals, cannot be detoxified by innate mechanisms responsible to cope with them[@R5], and these damage cellular components causing cell death via apoptosis or necrosis[@R5]. Lipid membranes are the cells first line of defense against ROS by providing a physical barrier to their diffusion, and therefore constitute primary targets for oxidative damage[@R5]. When ROS is generated near cellular membranes, the constituent lipids, in particular those bearing [p]{.ul}olyunsaturated [f]{.ul}atty [a]{.ul}cid (PUFA) chains are oxidized[@R6],[@R7]. The resulting oxidized lipids disrupt the local membrane structure and integrity, and thus impair cellular functions by modulating the activity of a wide array of important cellular proteins[@R8],[@R9]. Previously, research groups have focused on the oxidation of a single PUFA[@R6],[@R7], and little is known of the global lipid profile under oxidative stress[@R8],[@R9], and the enzymatic pathways that metabolize these oxidized lipid products *in vivo*.

Phosphatidylserine (PS), an inner membrane leaflet localized phospholipid has several critical functions in mammalian biology[@R10]. Important amongst these, is its role in ROS signaling and apoptosis[@R11]. Given its asymmetry in the membrane bilayer, the externalization of PS reflects a stressed cell and this "flipped" PS is recognized by phagocytes as an "eat me" signal[@R12]--[@R14]. Several studies suggest that under oxidative stress, surplus ROS reacts with the *sn-*2 esterified PUFAs of PS, to produce oxidized PS[@R6], which flips its membrane orientation, and acts as an apoptotic signal[@R12],[@R14]. While these studies describe the production, and role of oxidized PS in apoptosis, little is known of its metabolism. Physiologically, this metabolism is important, as several cells require high oxygen tension (e.g. neurons, macrophages, cancers), and consequently have elevated ROS, that produce oxidized PS at a constant flux. Yet there exist innate mechanisms within such cells, which can efficiently metabolize oxidized PS, and prevent apoptosis.

In this paper, we describe a small molecule that generates ROS efficiently in mammalian cells, develop mass spectrometry methods to study oxidized PS, and using these in tandem, perform a chemical genetic screen to identify lipase(s) capable of metabolizing oxidized PS. We find that the serine hydrolase (SH) enzyme ABHD12 (α/β hydrolase domain (ABHD) protein \# 12) is a major oxidized PS lipase. We validate these findings using complementary biochemical, pharmacological and genetic assays in different physiological systems. Importantly, we show that ABHD12 controls levels of oxidized PS in the mammalian brain under severe inflammatory stress. Given the central role of ABHD12 in PHARC, the human neurological disease[@R15],[@R16], its role in metabolizing oxidized PS, adds another avenue in understanding the PHARC pathophysiology.

Results {#S1}
=======

Characterization of an esterase activated ROS probe {#S2}
---------------------------------------------------

1,4-Dihydroquinones react with oxygen to generate superoxide that spontaneously dismutates to hydrogen peroxide[@R17],[@R18]. Amongst these, the "juglones" have proved effective against several antibiotic resistant bacteria[@R19]. Yet, very few probes of this scaffold are used to study ROS signaling in mammalian cells. The lack of intramolecular hydrogen bonding makes these molecules poor ROS generators[@R17],[@R18], hence installing a metabolically cleavable linker, that upon activation restores this, provides opportunities to trigger ROS generation on demand in mammalian cells. Using this rationale, we synthesized MGR1 (**1**), 5-hydroxy-1,4,4a,9a-tetrahydro-1,4-ethanoanthracene-9,10-dione (JCHD)[@R17], with an esterase-activated handle ([Fig. 1a](#F1){ref-type="fig"}). We postulated that MGR1 would be activated by ubiquitous esterase(s)[@R20] in mammalian cells, and produce ROS ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}). We also synthesized a structural analog, MGR2 (**2**), with a naphthalene moiety, unable to produce ROS, to control any structural effects of MGR1 ([Fig. 1a](#F1){ref-type="fig"}). To validate the ROS production abilities of MGR1 and MGR2, we first performed a chemiluminescence assay[@R21], and found that MGR1, but not MGR2, robustly produced ROS only when acted upon by an esterase ([Fig. 1b](#F1){ref-type="fig"}). Consistent with the proposed mechanism ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), we found that pretreatment or incubation with a broad spectrum SH inhibitor (Fluorophosphonate-alkyne, FP-alkyne)[@R20] or superoxide dismutase (SOD) respectively, ablated the ROS generating ability of MGR1 *in vitro* ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). Next, we detected 2-hydroxyethidium (2-HE) from hydroethidine due to superoxide from MGR1 only in the presence of esterase, by high performance liquid chromatography (HPLC) ([Fig. 1c](#F1){ref-type="fig"})[@R22]. SOD prevented 2-HE formation from MGR1 in the presence of an esterase, consistent with superoxide formation from MGR1 upon esterase activation ([Fig. 1c](#F1){ref-type="fig"}). We also confirmed by HPLC analysis, that upon esterase activity, MGR1 and MGR2 produced JCHD, and 1-naphthol respectively ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}).

Next we compared the ROS producing capability of MGR1 to MGR2, xenobiotics (menadione, artemisinin, cisplatin, paraquat), and ROS generators (JCHD, oxidized JCHD, H~2~O~2~) using the luminol based chemiluminescent assay ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}), and the commercial 2',7'-dichlorodihydro-fluorescein diacetate (DCF) cellular ROS detection assay ([Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}). We found from the chemiluminescent assay, that esterase treated MGR1 had comparable *in vitro* superoxide production to JCHD, and these were significantly higher than any ROS generator and/or xenobiotic tested at a comparable concentration ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}). We then treated HEK293T cells with MGR1, or MGR2, or xenobiotics, or ROS generators (25 μM, 1 h (H~2~O~2~ = 1 mM), followed by 10 μM DCF, 10 min), and imaged the cellular fluorescence due to ROS. We found that MGR1, but not MGR2, robustly produced ROS in HEK293T cells, and MGR1 was the best ROS generator compared to other xenobiotics and/or ROS generators ([Fig. 1d](#F1){ref-type="fig"}, [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Additionally our prodrug approach of using MGR1 instead of JCHD results in more ROS production at the same MGR1 and JCHD concentrations, due to better MGR1 bioavailability ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). Similar results were found from other mammalian cell lines ([Supplementary Fig. 5](#SD1){ref-type="supplementary-material"}). To determine if the surplus ROS from MGR1 affected the cellular viability, the dose dependence of MGR1 and MGR2 in different mammalian cell lines was assessed. In HEK293T cells, we found concentration dependent cell death following MGR1 (IC~50~ \~ 5.7 ± 0.6 μM), but not MGR2 (IC~50~ \> 40 μM) treatment ([Fig. 1e](#F1){ref-type="fig"}). Similar results were seen in other mammalian cell lines ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}). To confirm the cell death was ROS dependent, we pretreated mammalian cells with antioxidants, Pterostilbene (PTS, 10 μM)[@R23] or *N*-acetyl-cysteine (NAC, 1 mM)[@R24], following which, the cells were treated with MGR1, and ROS production was assessed. We found both PTS and NAC substantially reduced the cellular ROS after MGR1 treatment ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Additionally, the cell death caused by MGR1 treatment in different mammalian cell lines was also rescued by PTS or NAC, further confirming that reduced cellular viability was due to surplus ROS from MGR1 ([Supplementary Fig. 8](#SD1){ref-type="supplementary-material"}). For subsequent cellular studies, we required a concentration of MGR1 that produces elevated ROS, not enough to cause cell death, and chose 2 μM MGR1 or MGR2 (4 h) as the treatment paradigm ([Fig. 1e](#F1){ref-type="fig"}, [Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}).

A quinone (JCHD) is produced from MGR1, and quinones are known to form covalent adducts with protein thiols[@R25],[@R26]. To determine the thiol reactivity of MGR1 relative to reactive quinones, we performed a gel-based chemoproteomics using iodoacetamide-alkyne (IAA) as an activity reporter of cellular thiols[@R27]. In this experiment, HEK293T and RAW264.7 cell lysates were treated with the reactive quinones or MGR1 (+ esterase) (all 100 μM, 1 h), chased with IAA (1 mM, 1 h), following which click reaction was performed[@R28], and the proteome was resolved and visualized by SDS-PAGE gel. We found negligible proteome wide thiol reactivity for MGR1 (or JCHD) relative to reactive quinones ([Fig. 1f](#F1){ref-type="fig"}). Mass spectrometry based chemoproteomics further confirmed negligible proteome wide thiol and serine reactivity of MGR1 (2 μM, 4 h) in HEK293T cells ([Supplementary Fig. 9--12, Supplementary Dataset 1](#SD1){ref-type="supplementary-material"}), suggesting the cell death was caused by MGR1 was due to surplus ROS, and not thiol modification by the quinone product.

Measurements of oxidized PS in cells {#S3}
------------------------------------

Our interest in understanding the oxidized PS metabolism under oxidative stress stems from its importance in programmed cell death[@R12], and we decided to establish a LC-MS/MS method to measure these. We first treated C18:0/18:1PS (1-stearoyl-2-oleoyl-*sn*-glycero-3-phospho-L-serine, 100 μg) with excess H~2~O~2~ (10 mM) in the presence of iron (II) (1 mM), and ascorbate (1 mM) to produce ROS by Fenton and Haber-Weiss chemistry[@R29]. We found in addition to the native mass of 788.5445 (\[M-H\]: C18:0/18:1PS), two new masses 804.5392, and 806.5549 were observed ([Fig. 2a](#F2){ref-type="fig"}). We performed MS/MS on these masses, and found that 804.5392 and 806.5549 are +16 (O), and +18 (H~2~O) additions respectively. The MS/MS fragmentations for both these masses, suggested that mass additions of +16 (m/z = 297.2431) and +18 (m/z = 299.2590), were present on the *sn-2* oleate of C18:0/18:1PS, forming an epoxide and hydroxide respectively ([Fig. 2a](#F2){ref-type="fig"}, [Supplementary Fig. 13](#SD1){ref-type="supplementary-material"}, [Supplementary Note](#SD2){ref-type="supplementary-material"}). We termed the +16 and +18 mass additions as ox- and hy- respectively. We hypothesized that the oxygenation of C18:0/18:1PS, would increase its hydrophilicity, and the resulting oxygenated species would elute at lesser time on a C18 column. Indeed, this is what we observed, where ox-18:0/18:1PS, and hy-18:0/18:1PS eluted at 27.8 and 27.1 min respectively, while C18:0/18:1PS eluted at 32.3 min in our LC-MS/MS method[@R30] ([Fig. 2b](#F2){ref-type="fig"}). C18:1 lyso-PS eluted at 24.9 min, suggesting that both ox-18:0/18:1PS, and hy-18:0/18:1PS, were more lipophilic than C18:1 lyso-PS, because of an additional fatty acid ([Fig. 2b](#F2){ref-type="fig"}). Corroborating the LC-MS/MS findings, thin layer chromatography (TLC)[@R31] showed a distinct spot for oxidized PS between PS and lyso-PS ([Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}).

To determine, if MGR1 produces oxidized PS, we treated HEK293T cells with MGR1 or MGR2 or DMSO (2 μM, 4 h), and extracted the phospholipids[@R30],[@R32]. We detected m/z = 788.5445, in all treatment groups, but m/z = 804.5392, and 806.5549, were found enriched following MGR1 treatment. To determine, if these masses correspond to C18:0/18:1PS, and the synthetic ox-18:0/18:1PS, and hy-18:0/18:1PS, we performed MS/MS analysis on endogenous m/z = 788.5445, 804.5392, and 806.5549, from phospholipids extracted from MGR1 treated cells, and found that the MS/MS fragmentations for the endogenous masses exactly matched the synthetic standards. Notably, all three masses showed peaks at the parent m/z minus 87.0315 (loss of serine), 437.2671 (1-stearoyl-2-hydroxy-*sn*-glycero-3-phosphate), 419.2562 (dehydro-1-stearoyl-2-hydroxy-*sn*-glycero-3-phosphate), 283.2640 (stearate), and 152.9951 (dehydro-glycerophosphate) ([Fig. 2a](#F2){ref-type="fig"}). We also detected m/z = 297.2433 and 299.2590 in the MS/MS fragmentations of endogenous 804.5392, and 806.5549 respectively, confirming the formation of +16 (epoxy) and +18 (hydroxide) oxygenated adducts described earlier for ox-18:0/18:1PS, and hy-18:0/18:1PS respectively ([Fig. 2a](#F2){ref-type="fig"}).

The MS/MS fragmentation helped us develop a targeted multiple reaction monitoring (MRM) LC-MS/MS method to quantitate different oxidized PS species ([Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). We validated this, by quantifying ox-18:0/18:1PS, and hy-18:0/18:1PS from HEK293T cells treated with MGR1 or MGR2 or DMSO (2 μM, 4 h), and found that MGR1 treated cells have substantially more ox-18:0/18:1PS and hy-18:0/18:1PS compared to MGR2 or DMSO treated cells, with similar elution times to the synthetic standards ([Fig. 2c](#F2){ref-type="fig"}, [Supplementary Fig. 13](#SD1){ref-type="supplementary-material"}). Next, we measured different ox- and hy-PS after MGR1 and MGR2 treatments in HEK293T cells, and found that several ox-PS and hy-PS were significantly elevated upon MGR1, but not MGR2 or DMSO treatment ([Fig. 2d](#F2){ref-type="fig"}). Notably, all detected oxidized PS bear an unsaturated fatty acid esterified at the *sn-2* position, where the oxygenation likely occurs. We found no change in cellular PS or lyso-PS, and were unable to detect oxidized PS secreted from HEK293T cells following MGR1 or MGR2 treatment ([Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). Similar results were observed in other mammalian cell lines ([Supplementary Fig. 15, Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}).

Chemical genetic screen to identify oxidized PS lipase(s) {#S4}
---------------------------------------------------------

To better understand oxidized PS metabolism, we developed a screen to identify enzyme(s) that hydrolyzes oxidized PS lipids using the aforementioned LC-MS/MS method. At the onset, we hypothesized that a lipase (likely a metabolic SH) would perform this activity[@R20],[@R33]. Hence we needed a cell line that expressed many SHs and had high lipid content for our screen. Public databases[@R34] have shown that RAW264.7 macrophages fulfill these criteria, and was chosen as the candidate cell line for the screen. We collated a focused library of 57 compounds, ranging from specific to broad-spectrum lipase inhibitors ([Supplementary Dataset 3](#SD1){ref-type="supplementary-material"})[@R20],[@R33]. We treated RAW264.7 cells with inhibitor (10 μM, 4 h), followed by treatment with MGR1 (5 μM, 4 h), after which we extracted cellular phospholipids, and analyzed the oxidized PS by targeted LC-MS/MS ([Supplementary Fig. 16](#SD1){ref-type="supplementary-material"}). As screening controls, MGR2 and DMSO were used. We set 2-fold accumulation in cellular oxidized PS as a threshold for identifying hits from the screen, and found that most inhibitors had no effect on oxidized PS (comparable to DMSO post MGR1 treatment). Three compounds however, FP-alkyne, tetrahydrolipstatin (THL, also orlistat) and methylarachidonyl fluorophosphonate (MAFP), showed \> 2-fold increase in cellular oxidized PS ([Fig. 3a](#F3){ref-type="fig"}). Both FP-alkyne and MAFP are broad-spectrum SH inhibitors[@R20], further confirming that the lipase(s) of interest was a SH. Since FP-alkyne and MAFP have several enzyme targets, we focused on THL, as this β-lactone inhibitor potently inhibits only a handful of SHs[@R35].

To determine targets of THL in RAW264.7 cells, we employed competitive activity based protein profiling (ABPP) assays. We treated RAW264.7 cells with THL (10 μM, 4 h), and assessed the membrane and soluble proteomes by competitive gel-based ABPP ([Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 17](#SD1){ref-type="supplementary-material"})[@R32]. Following THL treatment, we found no activity loss in the soluble proteome, while the membrane proteome showed few enzymes whose activity was inhibited. Prominent amongst these was a SH \~42 kDa, likely ABHD12, a known THL target ([Fig. 3b](#F3){ref-type="fig"}, [Supplementary Fig. 17](#SD1){ref-type="supplementary-material"})[@R35]. Next, we coupled ABPP (using a biotinylated FP-probe, FP-biotin)[@R36] to LC-MS/MS analysis[@R32], and identified 34 SHs, of which 12 were inhibited \> 90% (THL, 10 μM, 4 h). Not surprisingly, there were 7 lipases: (i) ABHD6, (ii) neuropathy target esterase (PNPLA6), (iii) hormone sensitive lipase (HSL or LIPE), (iv) ABHD16A, (v) patatin-like phospholipase domain containing protein 7 (PNPLA7), (vi) cytosolic phospholipase A2 (PLA2G4A), and (vii) ABHD12, amongst these targets ([Fig. 3c](#F3){ref-type="fig"}, [Supplementary Dataset 4](#SD1){ref-type="supplementary-material"}). Besides these, diacylglycerol lipase beta (DAGLβ) and lipoprotein-associated phospholipase A2 (PLA2G7) are also targets of THL[@R35]. We detected DAGLβ, but surprisingly, were unable to see significant inhibition of DAGLβ ([Supplementary Dataset 4](#SD1){ref-type="supplementary-material"}). We did not detect PLA2G7 in our experiments. Our chemical genetic screen contained specific inhibitors for most THL targets, and these showed almost no effect on cellular oxidized PS in the screen (KT195, WWL70: ABHD6; Palmostatin-B: PNPLA6; BAY, Cay10499: HSL; KC01: ABHD16A; Pyrrophenone: PLA2G4A; KT109, KT172: DAGLβ; Darapladib, JMN4: PLA2G7) ([Supplementary Dataset 3](#SD1){ref-type="supplementary-material"}). This enabled elimination of most lipase targets of THL, except ABHD12 and PNPLA7, suggesting that one of these lipases was likely an oxidized PS lipase. Nonetheless, we overexpressed all the lipase targets of THL in HEK293T cells, and tested these lysates for substrate hydrolysis activity against lyso-PS, oxidized PS and PS. Additionally, we tested the SHs ABHD3[@R37] and PNPLA8[@R38] as well, since these have been reported to hydrolyze oxidized phospholipids. We found amongst all candidate lipases that ABHD12 was the best candidate, with \> 3-fold hydrolysis rate for oxidized PS than any other lipase ([Supplementary Fig. 18](#SD1){ref-type="supplementary-material"}). As expected, ABHD12 had robust activity against lyso-PS, but not PS ([Supplementary Fig. 18](#SD1){ref-type="supplementary-material"})[@R39], suggesting that this enzyme can use both lyso-PS and oxidized PS as substrates *in vitro*.

Biological validation of ABHD12 as an oxidized PS lipase {#S5}
--------------------------------------------------------

To validate if ABHD12 was indeed an oxidized PS lipase, we first generated the catalytically "dead" S246A mutant of human ABHD12 (hABHD12), and overexpressed S246A hABHD12 or wild type (WT) hABHD12 or an empty plasmid (mock) in HEK293T cells. Western blot analysis confirmed WT hABHD12 and S246A hABHD12 were overexpressed in HEK293T membranes, and gel-based ABPP confirmed S246A hABHD12 was inactive ([Fig. 4a](#F4){ref-type="fig"}). We also confirmed that WT hABHD12 was potently inhibited by THL ([Supplementary Fig. 19](#SD1){ref-type="supplementary-material"})[@R35]. First, we tested mock or WT hABHD12 or S246A hABHD12 overexpressing HEK293T membrane lysates against lyso-PS, oxidized PS or PS[@R32],[@R39], and found that WT hABHD12 efficiently hydrolyzes lyso-PS and oxidized PS, at comparable rates, with no activity against PS ([Fig. 4b](#F4){ref-type="fig"}). S246A hABHD12 and mock HEK293T membrane lysates had negligible activity against all three substrates ([Fig. 4b](#F4){ref-type="fig"}). Next, we tested if heightened ABHD12 activity had any effect on cell viability following MGR1 treatment. Here, HEK293T cells transfected with mock, or WT hABHD12 or S246A hABHD12, were treated with MGR1 (0 -- 40 μM, 4 h), and the viable cells were quantified. We found that mock (IC~50~ = 1.7 ± 0.6 μM) and S246A hABHD12 (IC~50~ = 1.9 ± 0.4 μM) had comparable cell viability profiles following MGR1 treatment, while the increased activity of WT hABHD12 partly protected against MGR1 treatment (IC~50~ = 13.9 ± 2.4 μM) ([Fig. 4c](#F4){ref-type="fig"}).

Further, we tested if overexpressing WT hABHD12 had any effect of cellular oxidized PS. Here, HEK293T transfected with mock or WT hABHD12 or S246A hABHD12, were treated with MGR1 (2 μM, 4 h), following which cellular oxidized PS was quantified. We found cells overexpressing WT hABHD12 had significantly lower cellular oxidized PS compared to mock or S246A hABHD12 overexpressing cells ([Fig. 4d](#F4){ref-type="fig"}, [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}), consistent with WT hABHD12's, but not S246A hABHD12's, ability to hydrolyze oxidized PS. Finally, we tested if the pharmacological blockade of ABHD12 had any effect on cellular oxidized PS. In the absence of any reported ABHD12 selective cell active inhibitor, we treated RAW264.7 cells with increasing THL (0 -- 10 μM, 4 h), and found a dose dependent increase in oxidized PS following THL treatment ([Fig. 4e](#F4){ref-type="fig"}, [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). This result suggests that acute blockade of ABHD12 activity controls cellular oxidized PS.

ABHD12 functions as an oxidized PS lipase *in vivo* {#S6}
---------------------------------------------------

To physiologically complement our studies, we first investigated oxidized PS from primary peritoneal macrophages (PPM) harvested from WT or ABHD12 knockout mice. We found that lipopolysaccharide (LPS) stimulation of PPM increases the cellular ROS and lyso-PS, and ABHD12 controls secreted lyso-PS[@R32],[@R40] ([Supplementary Fig. 20, 21, Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). Interestingly, PPM from WT mice, showed 2-fold increase in the cellular oxidized PS upon LPS stimulation, corroborating the increased cellular ROS in PPM following LPS stimulation[@R40] ([Fig. 5a](#F5){ref-type="fig"}, [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). Remarkably, we found in both vehicle and LPS treatments, PPM from ABHD12 knockout mice always have \~2-fold more cellular oxidized PS than PPM from WT mice ([Fig. 5a](#F5){ref-type="fig"}, [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). We could not detect any oxidized PS secretion from PPM from either genotype. Next, we tested if oxidized PS identified by us has any role in immune activation. To assess this, we incubated PPM from WT or ABHD12 knockout mice, with freshly prepared oxidized PS (mixture of ox-18:0/18:1PS and hy-18:0/18:1PS), or C18:0/18:1PS or C18:1 lyso-PS or LPS (all 10 μg/mL, 4 h), and measured proinflammatory cytokines secretion from these cells. We found from WT PPM, that oxidized PS produces 10- and 5-fold more secretion of TNF-α and IL-6 compared to the vehicle (or C18:0/18:1PS) and lyso-PS control groups respectively, and about half of that from the LPS treatment group ([Fig. 5b](#F5){ref-type="fig"}). When comparing the WT and ABHD12 knockout groups, we find that across all treatments, PPM from ABHD12 knockout mice always secrete more TNF-α and IL-6. Notably, oxidized PS treatment of PPM from ABHD12 knockout mice, shows the highest response, with \~2-fold increase in TNF-α and IL-6 secretions, compared to WT PPM ([Fig. 5b](#F5){ref-type="fig"}). Similar increased proinflammatory cytokine secretion following oxidized PS treatment was seen in THP1 macrophages ([Supplementary Fig. 22](#SD1){ref-type="supplementary-material"}), suggesting that oxidized PS is a more potent immunostimulatory lipid than lyso-PS or PS.

Finally, we looked for oxidized PS in the brains of WT and ABHD12 knockout mice, but were unable to detect these in either genotype for the mice *ab libitum*. So, we induced neuroinflammation in these mice by intraperitoneal LPS injections using two paradigms[@R41]: (i) high dose acute (20 mg/kg, 6 h) and (ii) low dose chronic (1 mg/kg, q. d., 4 d); to check if oxidized PS is produced as these neuroinflammatory LPS stimuli are known to generate enhanced ROS in the mammalian brain[@R42],[@R43]. We confirmed that the neuroinflammatory challenges were effective by measuring increased prostaglandin and proinflammatory cytokines in the brains of the LPS treated mice ([Supplementary Fig. 23](#SD1){ref-type="supplementary-material"}). Interestingly, we found that mice from the low dose chronic treatment showed negligible accumulation of oxidized PS, but mice from high dose acute treatment showed significant accumulation of oxidized PS in the brain ([Fig. 5c](#F5){ref-type="fig"}, [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). The oxidized PS accumulation between these genotypes was most pronounced for the high dose acute treatment, with the ABHD12 knockout brains showing \> 5-fold accumulation of oxidized PS relative to similarly treated WT mice ([Fig. 5c](#F5){ref-type="fig"}). We found that ABHD12 knockout mice brains always had higher brain lyso-PS content compared to similarly treated WT mice, but the lyso-PS levels did not change during the LPS treatments ([Supplementary Fig. 24, Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). Quite interestingly, we find that proinflammatory cytokines are also significantly elevated in the brains of ABHD12 knockout brains from the high dose acute LPS treatments ([Supplementary Fig. 23](#SD1){ref-type="supplementary-material"}).

Discussion {#S7}
==========

The oxidation of PS due to elevated ROS is linked to its transmembrane migration, and presence on the exofacial membrane surface ([Supplementary Fig. 25](#SD1){ref-type="supplementary-material"})[@R14],[@R44], where oxidized PS externalization generates an "eat me" signal, making it recognizable to a phagocyte[@R12]. An elegant study showed apoptotic cells are indeed cleared by macrophages, through specific recognition of externalized oxidized PS by a B-type scavenger receptor[@R13]. Additionally, the cellular protein, annexin-V, is known to bind externalized oxidized PS, and several kits for this protein-lipid interaction are used to quantitatively measure apoptotic cells. While PS oxidation, and its role in apoptosis are well understood, little is known of the enzymatic pathways that metabolize oxidized PS *in vivo*.

In this study, we wanted to identify an enzyme capable of metabolizing oxidized PS in mammalian cells. Towards achieving this, we synthesized a chemical probe robustly generating ROS in mammalian cells, enabling us to mimic oxidative stress ([Fig. 1](#F1){ref-type="fig"}). Next, we developed a LC-MS/MS method to identify and quantitate oxidized PS in mammalian cells, and found two new oxidized PS species, which we termed ox-PS and hy-PS, to exist in different mammalian cells in response to oxidative stress ([Fig. 2](#F2){ref-type="fig"}). We performed a chemical genetic screen to identify an enzyme capable of metabolizing oxidized PS in mammalian cells, and identified ABHD12 as a likely candidate ([Fig. 3](#F3){ref-type="fig"}). We provide compelling biochemical, pharmacological and genetic evidence in support of ABHD12 being a major lipase capable of hydrolyzing oxidized PS ([Fig. 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}).

ABHD12 has tremendous biomedical interest, as it is linked to the human neurodegenerative disease PHARC, caused by null mutations to *abhd12*[@R15],[@R16]. ABHD12 is annotated as a lyso-PS lipase in the mammalian brain and immune system[@R16],[@R32],[@R39],[@R45]. Lipidomics on PPM from ABHD12 knockout mice[@R39] and human PHARC subject lymphoblasts[@R16] show that ABHD12 controls levels of secreted lyso-PS, but not cellular lyso-PS[@R32]. This is not surprising, as the active site of ABHD12 is extracellularly orientated[@R32],[@R45],[@R46]. It is this active site orientation, which we believe, allows it access to exofacially oriented oxidized PS generated by elevated cellular ROS during oxidative stress ([Supplementary Fig. 25](#SD1){ref-type="supplementary-material"}). Our studies, thus posit a dual role for ABHD12, where it regulates the cellular oxidized PS and the secreted lyso-PS, independently or simultaneously (e.g. PPM). We also show that the newly identified oxidized PS elicit immune responses in PPM through heightened secretion of proinflammatory cytokines, with more pronounced responses in ABHD12-null PPM. Finally, we show that ABHD12 controls oxidized PS levels in the mammalian brain and in turn proinflammatory cytokines under severe neuroinflammatory stimuli. Taken together, our studies build on the existing model that describes the progression of the PHARC pathology. We propose, like other neurodegenerative disorders, oxidative stress and ROS may also play a role in the PHARC pathology, and simplistically ABHD12 mitigates excess oxidized PS produced in this process ([Fig. 5d](#F5){ref-type="fig"}).

Projecting forward, gene expression studies[@R34] suggest that ABHD12 is expressed mostly in the nervous and immune system, yet PS is known to exist in metabolic tissues susceptible to oxidative stress[@R11]. Hence there must exist resident lipases besides ABHD12 that metabolize oxidized PS in these tissues. We believe the tools and methods described here might offer an elegant strategy in functionally annotating such lipases. In addition, developing new tools that allow visualization of oxidized PS *in vivo* would be beneficial in understanding the spatiotemporal distribution and regulation of these lipids in diverse biological settings. Also, the protein ligands and/or receptors for oxidized PS are largely unknown. Thus finding, and understanding downstream biological signaling pathways using emerging chemoproteomics platforms[@R47],[@R48] would advance this lipid-signaling field, and shed new insights into programmed cell death. Finally, recent functional studies have shown that other metabolic SHs are regulators of other oxidized phospholipids *in vivo*[@R49],[@R50]. We believe that the emerging functional annotation of orphan SHs might implicate their role in the regulation of oxidized lipids from other lipid classes (neutral lipids, sterols) and in doing some, increase the repertoire of oxidized lipids under oxidative stress.

Online Methods {#S8}
==============

Materials {#S9}
---------

All chemicals, buffers, and reagents were purchased from Sigma-Aldrich, all lipids and lipid standards were purchased from Avanti Polar Lipids Inc., and all primary and secondary antibodies were purchased from Abcam, unless otherwise mentioned. The mouse or human inflammatory cytokine single analyte ELISA kits were purchased from R&D Systems for cytokine measurements.

Mammalian cell culture and treatment {#S10}
------------------------------------

All mammalian cell lines were purchased from ATCC, and cultured in RPMI1640 medium (HiMedia) supplemented with 10% (v/v) Fetal Bovine Serum (FBS) (Invitrogen) and 1x penicillin-streptomycin (MP Biomedicals) at 37 °C with 5% (v/v) CO~2~. All cell lines were routinely stained with DAPI to ensure they were devoid of any mycoplasma contamination. All cell viability studies for MGR1 and MGR2 treatments were done using a TC20 Automated Cell Counter with Trypan Blue reagent (Bio-Rad) as per manufacturers instructions. Briefly, cells were treated with varying concentrations (0 -- 40 μM) of MGR1 or MGR2 for 4 h, at which point, the cells were detached by trypsinization and live cells were estimated as per manufacturers protocol. For lipid measurements, 2x10^6^ cells were washed with sterile Dulbecco's Phosphate Buffer Saline (DPBS) (HiMedia) (3X) and treated with MGR1 (2 μM) or MGR2 (2 μM) or DMSO for 4 h at 37 °C and 5% (v/v) CO~2~ in 5 mL of aforementioned media (10 cm tissue culture dish). Post treatment, the cells were washed again with sterile DPBS (3X), and the lipids were extracted immediately using the protocol described below. All cellular ROS chemifluorescence imaging were performed using the DCF dye (10 μM, 10 min, Thermofisher Scientific) on an EVOS® FL Auto Imaging System (Life Technologies, Thermofisher Scientific) as per manufacturer's instructions.

Preparation of oxidized PS {#S11}
--------------------------

Oxidized PS was generated using an established protocol with slight modifications[@R29]. Briefly, 100 μg of PS (C18:0/18:1PS) was resuspended in 900 μL DPBS by sonication, and incubated at 37 °C for 5 min, with shaking. To this PS suspension, 90 μL of H~2~O~2~ (11 mM) was added and incubated at 37 °C for 5 min with shaking. The PS oxidation was initiated by adding 10 μL mixture of ferrous ammonium sulfate (100 mM) and ascorbate (100 mM), and allowed to proceed at 37 °C for 30 min with shaking. The reaction was quenched as described[@R29], and preparative HPLC procedure (see [Supplementary Note](#SD2){ref-type="supplementary-material"}) was used to purify the oxidized PS. The purity of oxidized PS was assessed first by thin layer chromatography (TLC)[@R31] ([Supplementary Fig. 14](#SD1){ref-type="supplementary-material"}) and ^1^H-NMR analysis, and the identity was further confirmed by lipid fragmentation analysis described in the next section, ^1^H-NMR and IR spectroscopic analysis (see [Supplementary Note](#SD2){ref-type="supplementary-material"}). Based on the TLC, LC-MS/MS and ^1^H-NMR analysis, our oxidized PS preparations are \~ 95% pure, with some contamination from the unreacted starting PS (see [Supplementary Note](#SD2){ref-type="supplementary-material"}).

Lipid fragmentation analysis {#S12}
----------------------------

All lipid fragmentation studies were performed by LC-MS/MS analysis on a Sciex X500R Quadrupole Time Of Flight (QTOF) mass spectrometer fitted with an Exion series UHPLC with a quaternary pump. The LC separation was achieved on a Gemini 5U C18 column (Phenomenex, 5 μm, 50x4.6 mm) coupled to a Gemini guard column (Phenomenex, 4x3 mm, Phenomenex security cartridge). All PS, lyso-PS and oxidized PS lipids were analyzed in the negative ionization mode using: solvent A: 95:5 (v/v) H~2~O: methanol (MeOH) + 0.1% ammonium hydroxide; and solvent B: 60:35:5 (v/v) isopropanol: MeOH: H~2~O + 0.1% ammonium hydroxide using an established LC method on an electrospray ion (ESI) source[@R30],[@R39]. The \[M--H\]^--^ of the lipid standards and m/z values of the endogenous lipids were comparatively assessed by LC-MS/MS analysis. The lipid extraction protocol for the endogenous lipids is described briefly in the section below. The total scan time for both the MS1 and MS2 spectra was 2.5 s, and the collision energy (volts) of --30, --40 and --52 for lyso-PS, oxidized PS and PS were respectively used. The declustering potential and ion source voltage were set at --110 and --5500 volts respectively. The drying gas temperature was 550 °C, drying gas flow rate was 15 L/min, and the nebulizer (ion source gas) pressure was 50 psi for this lipid fragmentation study.

Quantitative lipid measurements {#S13}
-------------------------------

The phospholipid extractions were done using an established protocol based on the Folch lipid extraction method[@R30],[@R32],[@R51]. Briefly, the cells were washed with sterile DPBS (3X), and transferred into a glass vial using 1 mL sterile DPBS. 3 mL of 2:1 (v/v) chloroform (CHCl~3~): MeOH with the lipid internal standard mix (internal standards listed in [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}) was added, and the mixture was vortexed. The two phases were separated by centrifugation (2800g, 5 min). The organic phase (bottom) was removed, 50 μL of formic acid was added to acidify the aqueous homogenate (to enhance phospholipid extraction), and CHCl~3~ was added to make up 4 mL volume. The mixture was vortexed, and separated by centrifugation (2800g, 5 min). Both the organic extracts were pooled, and dried under a stream of N~2~ gas. The dried organic phase containing the phospholipids of interest was resolubilized in 150 μL of 2:1 (v/v) CHCl~3~: MeOH, and 20 μL was used for the targeted LC-MS/MS analysis. All the lipid species analyzed in this study were quantified using the multiple reaction monitoring high resolution (MRM-HR) method on a Sciex X500R QTOF fitted with an Exion series UHPLC with a quaternary pump. All data was collected and analyzed using SciexOS software. All lipid estimations were performed using an ESI source, with the following MS parameters: curtain gas = 20 L/min, ion spray voltage = --5500 V, temperature = 550 °C. The LC separation, buffers and method were the same as described earlier[@R30],[@R32]. A scheduled MRM-HR program was used to measure lyso-PS lipids only between 22 -- 28 mins, oxidized PS lipids only between 25 -- 30 mins, and PS lipids only between 30 -- 38 mins, to get better sensitivity for the quantitative lipid measurements. A detailed list of all the lipid species targeted in this MRM-HR study, describing the precursor parent ion mass, the product ion targeted, and other compound specific voltages and parameters, and the internal standard for the respective lipid class can be found in [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}. All endogenous PS and lyso-PS lipids were quantified by measuring the area under the curve relative to the respective internal standard, and then normalizing to the total cellular protein content or cell number as applicable. For oxidized PS lipid species, C12:0/13:0PS was used as an internal standard. All the data is represented as mean ± s.e.m. of 4 or more biological replicates per study group ([Supplementary Dataset 2](#SD1){ref-type="supplementary-material"}). It is important to note that all oxidized PS measurements were done with fresh preparations, as the endogenous oxidized PS lipids are susceptible to degradation post extraction from mechanisms not fully clear. The oxidized PS synthetic standards are stable for 1 week when stored at --40 °C.

Chemical genetic screen {#S14}
-----------------------

RAW264.7 cells (1x10^6^ cells) were cultured in 6 well plates in media described earlier. The cells were treated with lipase inhibitor (10 μM, 4 h), following which the cells were washed with sterile DPBS (3X), and replaced with the same fresh media. The cells were then treated with MGR1 (5 μM, 4 h), subsequently washed with sterile DPBS (3X), and lipids extracted to perform quantitative lipid measurements. As a control for the lipase inhibitor group, DMSO was used, while MGR2 (5 μM) and DMSO were used as controls for MGR1 treatments. Each treatment group at least three biological replicates.

Gel-based ABPP {#S15}
--------------

Gel-based ABPP experiments were done using established protocols[@R36],[@R52]. Briefly, cell pellets were resuspended in 1 mL cold sterile DPBS, lysed by sonication, and the lysates were centrifuged at 100,000g for 45 mins. The supernatant (soluble proteome) was collected, and the remaining pellet was washed with sterile DPBS (3X), and resuspended in cold sterile DPBS to yield the membrane proteome. Protein concentrations were estimated using the Pierce BCA Protein Assay kit (Thermofisher Scientific). Proteomes (1 mg/mL, 100 μL) were treated with FP-rhodamine (2 μM, 45 min, 37 °C) with constant shaking (750 rpm). Addition of 4X-SDS loading buffer followed by boiling the samples (95 °C, 10 min) quenched the reactions. Fluorescently labeled proteomes were resolved on a 10% SDS-PAGE gel and samples were visualized on a Syngene G-Box Chemi-XRQ gel documentation system. Competitive gel-based ABPP with THL was performed as described earlier[@R32],[@R35].

Western blot analysis {#S16}
---------------------

Soluble or membrane proteomes or cell lysates were separated on a 10% SDS-PAGE gel, and transferred onto a PVDF membrane (GE Healthcare) (60V, 12 h, 4 °C). Post-transfer, the membrane was blocked using 5% (w/v) milk in TBST, and subsequently probed with a primary antibody (dilution 1:1000). An anti-rabbit IgG (H+L) HRP conjugated (goat, Thermofisher Scientific, 31460, dilution 1:10,000) was used a secondary antibody, and the signal was visualized using the SuperSignal West Pico Plus Chemiluminescent substrate (Thermofisher Scientific) using a Syngene G-Box Chemi-XRQ gel documentation system. All primary antibodies used in this study have been mentioned along with source, and catalog number, wherever mentioned in the paper.

Identification of THL targets from RAW264.7 cells {#S17}
-------------------------------------------------

1x10^7^ RAW264.7 cells were treated with THL (10 μM, 4h) or DMSO (4 h) in media described earlier. Post-treatment, the cells were harvested by scrapping, and lysed by sonication, and whole cell lysates were used in this experiment. For proteomics sample preparations, cell lysates (2 mg/mL in 1 mL DPBS) were labeled with FP-biotin (10 μM, 1 h, 37 °C with shaking). Post-labeling, the proteomes were denatured and precipitated using 4:1 MeOH: CHCl~3~ at 4 °C, resuspended in 0.5 mL of 6 M urea in DPBS by sonication, sequentially reduced by Tris(2-carboxyethyl)phosphine (TCEP, 10 mM, 30 min, 37 °C with shaking), and alkylated by iodoacetamide (50 mM, 30 min, 25 °C) in the dark. The biotinylated proteins were enriched with prewashed (DPBS-washed (3X)) avidin-agarose beads (100 μL, Sigma-Aldrich) by shaking 25 °C for 90 min in DPBS containing 2% (w/v) SDS in 6 mL final volume. The beads were pelleted by centrifugation at 1000g for 5 min, and washed as described earlier[@R32]. The beads were transferred to a Protein LoBind tube (Eppendorf, 1.5 mL) using 1 mL triethylammonium bicarbonate (TEAB, 100 mM) buffer, pelleted by centrifugation at 1000g for 5 min, and the buffer was aspirated. On bead protein digestion was performed using sequence grade trypsin (2 μg, Promega) in 100 mM TEAB buffer containing 2 M urea for 14 h at 37 °C with constant shaking in a final volume of 200 μL. The downstream reductive dimethylation labeling was performed as per protocols described earlier using light (H~2~CO) and heavy (D~2~CO) formaldehyde and sodium cyanoborohydride (NaBH~3~CN)[@R32],[@R53]. Peptides from THL treated group (light labeled) and DMSO treated group (heavy labeled) were mixed and cleaned using StageTip protocol[@R54]. All LC-MS/MS analysis was performed on a Sciex TripleTOF6600 mass spectrometer interfaced with an Eksigent nano-LC 425. 1 μg tryptic peptides were loaded onto an Eksigent C18 trap (5 μg capacity), and subsequently eluted on an Eksigent C18 analytical column (15 cm x 75 μm internal diameter) with a linear acetonitrile gradient. A typical LC run consisted of 2 h post loading onto the trap at a constant flow rate of 300 nL/min with solvents A = water + 0.1% formic acid, and B = acetonitrile. The gradient schedule for the LC run was: 5% (v/v) B for 10 min, a linear gradient of B from 0 -- 80% (v/v) over 80 min, 80% (v/v) B for 15 min, and equilibration with 5% (v/v) B for 15 min. For all proteomics samples, data was acquired in information dependent acquisition (IDA) mode over a mass range of 300 -- 2000 m/z. Each full MS survey scan was followed by MS/MS of the 15 most intense peptides. Dynamic exclusion was enabled for all experiments (repeat count 1, exclusion duration 6s). Peptide identification and quantification was carried out using MaxQuant1.7[@R55]. A Refseq mouse protein database (release 86) including contaminant protein sequences was used for peptide identification. The peptide searches in MaxQuant1.7 algorithm specified +57.0215 m/z iodoacetamide alkylation of cysteine as a static modification, while methionine oxidation and N-terminal acetylation were specified as variable modifications. A precursor ion and MS/MS mass tolerance was set at 20 and 40 ppm respectively for the peptide searches. For reductive dimethylation based quantification of tryptic peptides, the N-terminal and lysine dimethyl labels were specified as fixed modifications in search algorithm. The PSM level false positive discovery rate (FDR) was calculated using decoy database search, and the peptides and proteins were filtered for \< 1% FDR. Serine hydrolase enzymes identified in all replicates, and having ≥ 2 quantified peptides were filtered for this study.

Expression of recombinant human ABHD12 {#S18}
--------------------------------------

The full-length hABHD12 cDNA was cloned into pCMV-Sport6 vector between NotI and SalI restriction sites (GE Life Sciences). The S246A hABHD12 mutant was generated from the same plasmid using Phusion polymerase and DpnI (New England Biolabs) as per manufacturers instructions. Recombinant WT and S246A hABHD12 was generated from HEK293T cells using established transient transfection protocols[@R32]. "Mock" control cells were transfected with an empty vector using the same protocol. The cells were harvested by scraping 48 h after transfection, washed with sterile DPBS (3X), resuspended in 1 mL DPBS, and lysed by sonication. The overexpression of hABHD12 was confirmed by gel-based ABPP and western blot analysis on membrane proteomes of the transfected cells, preparations of which are described earlier.

Substrate assays {#S19}
----------------

The membrane proteome of HEK293T transfected cells (20 μg) was incubated with 100 μM lipid substrate in DPBS (100 μL total volume) at 37 °C with constant shaking (750 rpm). After 30 min, the reaction was quenched by addition of 350 μL of 2:1 CHCl~3~: MeOH containing 1 nmol of each internal standard (heptadecenoic acid and C17:1 lyso-PS). The subsequent lipid enrichments, separation and LC-MS analysis were done using a previously established protocol[@R32],[@R39]. Measuring the area under the curve and normalizing to the respective internal standard was used to quantify the product release. The non-enzymatic rate of substrate hydrolysis was obtained by using heat-denatured proteomes, and this value was subtracted from the substrate hydrolysis rates of native proteomes to yield the corrected rates. For lyso-PS substrates, only the release of free fatty acid was quantified, while for PS and oxidized PS, both products namely the free fatty acid and lyso-PS product release were quantified. For PS and oxidized PS, quantifying both products yielded similar rates of product release.

Mouse studies {#S20}
-------------

All mouse studies described in this paper received formal approval from the Indian Institute of Science Education and Research, Pune -- Institutional Animal Ethics Committee (IISER-P IAEC) following the guidelines outlined by the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), Government of India. Primary peritoneal macrophages were elicited by intraperitoneal injections of 4% (w/v) thioglycollate (3 mL), and harvested using standard protocols[@R56]. Cell culturing, compound treatments and LPS stimulation were done as per previously established protocols[@R57]. All intraperitoneal LPS injections for systemic (neuro)inflammation were performed using an established protocol for high dose acute (20 mg/kg, 6 h), and low dose chronic (1 mg/kg, q.d., 4 d) treatment paradigm[@R41],[@R58].

Synthesis and characterization of MGR1 and MGR2 {#S21}
-----------------------------------------------

See [Supplementary Note](#SD2){ref-type="supplementary-material"} for complete information on the synthesis and chemical characterization of MGR1 and MGR2.

Superoxide detection from MGR1[@R21],[@R22] {#S22}
-------------------------------------------

A luminol stock solution (4 mM) was prepared by dissolving 7.1 mg luminol in 10 mL of 30 mM sodium hydroxide solution and stored on ice. A 2.5 mM stock solution of compounds MGR1 and MGR2 were prepared in DMSO. In the control experiment, 2 µL of MGR1 or MGR2 (25 µM), 5 µL of luminol was added to 193 µL of phosphate buffer pH 8.0 (50 mM). In another set serving as esterase activated set 2.0 µL of MGR1 or MGR2 (25 µM), 5 µL of luminol and 2 µL of esterase (1U/ mL) was added to 191 µL of phosphate buffer pH 8.0 (50 mM). The resulting mixture was incubated at 37 °C and chemiluminescence from reaction mixture was measured using a microwell plate reader (Thermofisher Scientific Varioskan Flash). The HPLC based superoxide detection using hydroethidine was performed using a previously detailed protocol[@R22].

HPLC decomposition study for MGR1 and MGR2 {#S23}
------------------------------------------

A 10 mM stock of compounds (MGR1, MGR2, JCHD[@R17] and 1-naphthol) in DMSO and 1U/mL stock of porcine liver esterase (Sigma Aldrich) in DPBS were prepared. In the control experiment, 5 µL of respective compound stock (MGR1 or MGR2 or JCHD or 1-naphthol, 100 µM final concentration) was added to 495 µL of DPBS at 37 ºC. In another set, serving as esterase activated set 5 µL of MGR1 or MGR2 (100 µM), 250 µL of esterase (0.5 U/ mL) was added to 245 µL of DBPS at 37 ºC. After 30 min, the reaction mixture was filtered (0.22 µm) and injected (50 µL) in HPLC system (Agilent) with a diode-array detector (detection wavelength was 315 nm for MGR1 and 280 nm for MGR2) and C18 column (4.6X250 mm, 5 µm). A mobile phase of water: ACN was used with a run time of 25 min using multistep gradient with a flow rate of 1 mL/min -- starting with 70:30% → 0 min, 50:50% → 0-5 min, 40:60% → 5-7 min, 30:70% → 7-10 min, 20:80% → 10-15 min, 40:60% → 15-18 min, 60:40% → 18-20 min, 70:30% → 20-25 min (H~2~O: ACN).

Statistical analysis {#S24}
--------------------

All statistical analyses were performed using the Prism 7 for Mac OS X (GraphPad) software. All data are shown as mean ± s. e. m. unless mentioned otherwise. The Student's two-tailed *t-test* was used to ascertain statistically significant differences between the different study group, where a p-value \< 0.05 was considered statistically significant for this study.

Supplementary Material {#SM}
======================

Supplementary information is available with the online version of this paper.
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![Characterization of a ROS generating probe (MGR1), and an inactive control probe (MGR2).\
(**a**) Chemical structures of the active dihydroquinone ROS generator, MGR1 (**1**), and the inactive 1-naphthol control compound, MGR2 (**2**). (**b**) Luminol based chemiluminescence assay showing robust *in vitro* superoxide production by MGR1, but not MGR2, in the presence of esterase. The assay was performed at 37 °C, and each time point represents mean ± SEM of chemiluminescence intensity from three independent experiments. (**c**) HPLC traces, showing the robust formation of superoxide (2-hydroxyethidium formation from hydroethidine) from MGR1 in the presence of esterase. This superoxide production from MGR1 in the presence of an esterase was ablated by SOD. JCHD was used as a positive control in this experiment. This experiment was performed in triplicate with reproducible results. (**d**) Chemifluorescence showing the robust cellular production of ROS by MGR1, but not MGR2, in HEK293T cells treated with MGR1 or MGR2 (25 μM, 1 h), and subsequently chased with 10 μM DCF, 10 min. The white bar on each image represents 200-μm. The assay was performed as per manufacturers instructions as three independent experiments with reproducible results. Also see [Supplementary Fig. 5](#SD1){ref-type="supplementary-material"} for more information. (**e**) Cell viability assay showing cell death of HEK293T cells by higher concentration of MGR1 (\> 5 μM), but not MGR2, due to heightened ROS production. Data represents mean ± SEM for 4 independent replicates, and the 95% interval for the reported half maximal inhibition constant (IC~50~) value of MGR1 is 5.1 -- 6.3 μM. (**f**) Gel based chemoproteomics showing negligible proteome wide thiol reactivity of MGR1 treated with esterase compared to other reactive quinones (3 -- 7) in HEK293T and RAW264.7 cell lysates. All compounds were used at 100 μM for 1 h, and subsequently chased with 1 mM IAA (1 h), following which click reaction was performed. This experiment was performed in triplicates with reproducible results.](emss-80470-f001){#F1}

![Characterization and quantification of oxidized PS in mammalian cells following MGR1 treatment.\
(**a**) MS/MS fragmentation for the lipids standards (red trace) for C18:0/18:1PS, ox-18:0/18:1PS and hy-18:0/18:1PS, and the corresponding endogenous phospholipids (black trace) of m/z 788.5445, 804.5392 and 806.5549 from HEK293T cells treated with MGR1 (2 μM, 4 h). The daughter ions common to all masses from the MS/MS analysis include 152.9951 (dehydo-glycerophosphate), 283.2640 (stearate), 419.2562 (dehydro-1-stearoyl-lysophosphatidic acid), and 437.2671 (1-stearoyl-lysophosphatidic acid), and \[parent m/z -- 87.0315\] peak (loss of serine). The key daughter ions distinguishing the three species (denoted in red text) are 281.2481 (oleate for m/z = 788.5445), 297.2431 (oleate + 16 amu for m/z = 804.5392), and 299.2590 (oleate + 18 amu for m/z = 806.5549). This MS/MS fragmentation study was performed in triplicate with reproducible results. (**b**) The LC-MS elution profile for the lipids standards for C18:1 lyso-PS, C18:0/18:1PS, ox-18:0/18:1PS and hy-18:0/18:1PS, showing the increased hydrophilicity of ox-18:0/18:1PS and hy-18:0/18:1PS, compared to C18:0/18:1PS. The LC elution profiles were performed in duplicates with reproducible results. (**c**) LC-MS/MS traces (MRM-HR) for ox-18:0/18:1PS (m/z = 804.5) and hy-18:0/18:1PS (m/z = 806.6) extracted from HEK293T cells treated with MGR1 (2 μM) or MGR2 (2 μM) or DMSO (all 4 h), showing robust increases for ox-18:0/18:1PS and hy-18:0/18:1PS, following MGR1, but not MGR2 or DMSO treatment. This experiment was done in triplicates with reproducible results. (**d**) Targeted LC-MS/MS MRM-HR measurements of oxidized PS from HEK293T cells treated 4 h with MGR1 (2 μM) or MGR2 (2 μM) or DMSO. Data represents mean ± SEM for 5 independent replicates per group. Student's t-test (two-tailed): \*\*\* p \< 0.001 versus DMSO group. See [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"} for complete list of quantified lipids and detailed p-values.](emss-80470-f002){#F2}

![Chemical genetic screen to identify oxidized PS lipase(s) in mammalian cells.\
(**a**) Relative oxidized PS levels from RAW264.7 cells from a highly focused chemical genetic screen of 57 known lipase inhibitors. Data is represented relative levels compared DMSO group of MGR1 treated control. Each group represents mean ± SEM for 3 biological replicates. A two-fold increase in oxidized PS was set as a threshold to identify hits in this screen. (**b**) ABPP gel of the membrane and soluble proteomes of RAW264.7 cells treated with THL (10 μM, 4 h) or DMSO using FP-rhodamine (2 μM, 37 °C, 45 min). The asterisks (\*) represent SH activities inhibited by THL in the membrane proteome. The ABPP gels were done in triplicate with reproducible results. (**c**) ABPP-ReDiMe LC-MS/MS analysis for SH activities from RAW264.7 cells treated *in situ* with THL (10 μM, 4 h). Data represents mean for two independent proteomics experiments, where each replicate corresponds to the median heavy/light ratio (THL = light, DMSO= heavy) for total quantified peptide for each serine hydrolase enzyme. A cut off of ≥ 2 quantified peptides per SH was required for this analysis. See [Supplementary Dataset 4](#SD1){ref-type="supplementary-material"} for complete ABPP-ReDiMe datasets.](emss-80470-f003){#F3}

![Biological validation of human ABHD12 as an oxidized PS lipase.\
(**a**) ABPP gel and western blot on the membrane proteomes of HEK293T cells transiently transfected with mock, or wild type (WT) human ABHD12 (hABHD12), or active site S246A hABHD12 mutant. ABPP gel (2 μM FP-rhodamine, 45 min, 37 °C) shows robust activity for WT, but not S246A hABHD12 or mock proteomes, while the western blot (anti-ABHD12, rabbit, Abcam, 182011) confirms overexpression of WT and S246A hABHD12 over mock. The ABPP gel and western blot analysis were performed in triplicates with reproducible results each time. GAPDH was used as a loading control for these experiments. Full gel images are available in [Supplementary Fig. 26](#SD1){ref-type="supplementary-material"}. (**b**) Substrate assays of membrane proteomes from HEK293T cells transfected with mock, WT or S246A hABHD12, showing robust hydrolysis of lyso-PS (C18:1) and oxidized PS (ox-C18:0/18:1PS + hy-18:0/18:1PS) by WT, but not S246A hABHD12 or mock proteomes. All proteomes showed negligible activity for the C18:0/18:1PS. The data represents mean ± SEM for 3 independent experiments. (**c**) Cell viability assay on HEK293T cells transfected with mock, or WT or S246A hABHD12 treated with increasing concentrations of MGR1 (0 -- 40 μM, 4 h), showing increased cellular viability for WT hABHD12 transfected HEK293T cells following MGR1 treatment compared to mock or S246A hABHD12 transfected HEK293T cells. Data represents mean ± SEM for 4 biological replicates, and the 95% interval for the reported IC~50~ values of MGR1 for mock, WT and S246A is 1.5 -- 2.3, 11.5 -- 16.3 and 1.3 -- 2.3 μM respectively. (**d**) Cellular oxidized PS for HEK293T cells transfected with mock, or WT or S246A hABHD12, and treated with MGR1 (2 μM, 4 h). The WT hABHD12 transfected HEK293T cells have substantially lower oxidized PS compared to other groups. Data represents mean ± SEM for 6 biological replicates per group. Student's t-test (two-tailed): \*\* p \< 0.01, \*\*\* p \< 0.001 versus mock group. See [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"} for complete list of quantified lipids and detailed p-values. (**e**) Pharmacological blockade of ABHD12 in RAW264.7 cells with increasing THL dosing (0 -- 10 μM, 4 h) causes accumulation in cellular oxidized PS. Data represents mean ± SEM for 5 biological replicates per group. Student's t-test (two-tailed): \* p \< 0.05, \*\* p \< 0.01 versus DMSO group.](emss-80470-f004){#F4}

![ABHD12 functions as an oxidized PS lipase *in vivo*.\
(**a**) Cellular oxidized PS levels in mouse primary peritoneal macrophages (PPM) harvested from wild type (+/+) or ABHD12 knockout (--/--) mice, following vehicle (sterile DPBS) or LPS stimulation (10 μg/mL) for 4 h. Data represents mean ± SEM for 4 independent experiments per group. Student's t-test (two-tailed): \*\* p \< 0.01, \*\*\* p \< 0.001 for (--/--) versus (+/+) group. See [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"} for complete list of quantified lipids and detailed p-values. (**b**) Secreted concentrations of proinflammatory cytokines TNF-α and IL-6 from mouse PPM from WT (+/+) and ABHD12 knockout (--/--) mice treated with vehicle (sterile DPBS), C18:1 lyso-PS, oxidized PS (ox-18:0/18:1PS + hy-18:0/18:1PS), C18:0/18:1PS, or LPS (10 μg/mL, 4 h). Data represents mean ± SEM for 8 independent experiments per group. Student's t-test (two-tailed): \* p \< 0.05, \*\* p \< 0.01 for (--/--) versus (+/+) group. (**c**) Oxidized PS concentrations in the brains of wild type (+/+) or ABHD12 knockout (--/--) mice undergoing high dose acute LPS treatment (20 mg/kg, 6 h, intraperitoneal injections). The data suggests the increased accumulation of oxidized PS for (--/--) compared to the (+/+) group in this treatment regime. Data represents mean ± SEM for 4 independent experiments per group. Student's t-test (two-tailed): \*\* p \< 0.01, \*\*\* p \< 0.001 for (--/--) versus (+/+) group. See [Supplementary Dataset 2](#SD1){ref-type="supplementary-material"} for complete list of quantified lipids and detailed p-values. (**d**) A model implicating oxidized PS lipids in the pathology of the neurological disorder, PHARC. Previous studies in a murine model for PHARC have shown that ABHD12 regulates levels of lyso-PS in mammalian brain and immune system[@R32],[@R39], and hence lyso-PS has been attributed to the neuroinflammation and neurobehavioral disturbances seen in human PHARC patients[@R39]. Here, we show that ABHD12 also controls the levels of oxidized PS in different mammalian systems including primary mouse macrophages and the brain under oxidative stress. Based on previous immunological studies, which suggest a role for oxidized PS in cellular apoptosis, we add onto the existing model describing the pathology of PHARC; where oxidized PS produced from surplus ROS during oxidative stress may along with lyso-PS, contribute synergistically towards the pathology of this neurological disorder.](emss-80470-f005){#F5}
